Purpose. Mycobacteria are common causative agents of bacterial infections in many species of freshwater and marine fish. Identification of mycobacteria to the species level based on phenotypic tests is inappropriate and time consuming. Molecular methods such as partial or entire gene sequence determination in mycobacteria have been employed to resolve these problems. The objective of this study was to assess the use of sequence analysis of the mycobacterial 16S-23S internal transcribed spacer (ITS) region for the identification of different aquatic mycobacteria species.
INTRODUCTION
The genus Mycobacterium contains aerobic, non-motile bacteria with surprisingly diverse phenotypes related to growth rate, colony appearance, environmental distribution and pathogenic potential for eukaryotic hosts [1] . Commonly, mycobacteria are further characterized into slowly and rapidly growing mycobacteria. Rapidly growing isolates are classified as species that, under optimal nutrient and temperature regimes, produce grossly visible colonies from dilute inocula on solid media in less than 7 days. Slowly growing isolates are classified as those species taking more than 7 days to exhibit visible colonies, again under optimal temperature and nutrient regimes [2] . In recent years, the number of species of mycobacteria reported in the aquatic environment has greatly increased. Amongst these, rapidly growing mycobacteria, i.e. Mycobacterium psychrotolerans [3] and Mycobacterium salmoniphilum [4] , and slowly growing mycobacteria, i.e. Mycobacterium shottsii [5] , Mycobacterium pseudoshottsii [6] , Mycobacterium stomatepiae [7] and Mycobacterium angelicum [8] , have been formally described. Phenotypic methods for identifying mycobacteria, such as acid-fast staining and biochemical tests, are not useful for identifying mycobacteria to the species level; they are time consuming, and even then may not be able to differentiate between the different species of mycobacteria being examined. Molecular methods attempt to resolve these problems. For many years, PCR targeting a fragment of the 16S rRNA gene has been used clinically for the rapid identification of Mycobacterium species. However, due to the number of closely related species within the genus Mycobacterium, cross reactivity of different species in the PCR frequently occurs and, thus, additional methods are required to identify mycobacteria to the species level.
Nucleic acid sequence determination of mycobacteria is another method frequently used to identify different mycobacteria to the species level. With this approach, a fragment or the entire gene from the mycobacteria is amplified by PCR. The amplified segment is sequenced and compared to known sequences within available databases, i.e. GenBank. Although sequence analysis requires more specialized equipment than other molecular methods, this technology is becoming less expensive. Sequencing also provides the highest level of resolution when looking for differences in a molecular target [9] .
Several different regions in the Mycobacterium genome have been investigated and compared between species, and these include the 16S rRNA gene [10] , the heat shock protein 65 encoding gene (hsp65) [11] , the internal transcribed spacer (ITS) region sequence located between the 16S rRNA and the 23S rRNA genes [12] , and the gene encoding the b subunit of RNA polymerase (rpoB) [13] . Sequence analysis of the 16S rRNA has been widely used; however, the presence of identical or highly similar 16S rRNA sequences between species limits the use of this target for differentiation [14, 15] . Due to the sequence variability of the 16S-23S spacer region, several ITS-sequence-based assays have been developed as an alternative approach for the identification of mycobacteria [16, 17] .
The aim of this study was to assess the suitability of sequence analysis of the mycobacterial 16S-23S ITS region as a genetic marker for the identification of aquatic mycobacteria and, thus, as an alternative or complementary tool for better differentiation of members within this genus compared to other molecular targets such as 16S rRNA, hsp65 and rpoB gene sequences.
METHODS

Bacterial strains
Sixty-nine aquatic mycobacterial strains, including 12 reference strains and 57 field isolates obtained from different geographical locations, were used in this study (Table 1 ). All strains had been previously identified by RFLP [18] . Isolates were grown on Middlebrook 7H10 medium supplemented with oleic acid-albumin-dextrose-catalase (OADC) (both from Becton-Dickinson) and 0.5 % (v/v) glycerol, and incubated at 22 or 30 C for 1 to 4 weeks depending on their growth rate.
DNA preparation DNA templates were prepared following methods described by Pourahmad et al. [19] .
PCR
The ITS region in mycobacteria was amplified using the forward primer Sp1 (5¢-ACCTCCTTTCTA AGGAG-CACC-3¢) and reverse primer Sp2 (5¢-GATGCTCGCAAC-CACTATCCA-3¢) designed by Roth et al. [20] . The PCR was carried out using the following thermal profile: 2 min initial denaturation at 94 C; followed by 35 cycles of denaturation at 94 C, annealing at 60 C and extension at 72 C, each for 1 min; and final incubation at 72 C for 5 min. To confirm successful PCR amplification, the presence of an amplicon of the expected size was visualized by electrophoresis (using 10 µl completed PCR reaction on a 2.0 % agarose gel stained with ethidium bromide and visualized under UV light).
Sequence and analysis
Using both PCR primers (Sp1 and Sp2), sequence analysis was carried out following the method described by Pourahmad et al. [21] .
Nucleotide sequence accession numbers The nucleotide sequences described herein have been deposited in the GenBank database under accession numbers AM396443-AM396482, AM902922-AM902940 and AM902944-AM902951.
RESULTS
Sequence analysis
The nucleotide sequences of the 16S-23S rRNA spacer region for 64 out of 69 mycobacterial isolates were determined following PCR, the results of which are summarised in Table 2 . Species identification by sequence analysis, percentage similarity with other mycobacteria, as well as the actual number of the nucleotides (bp) obtained in the PCR product with the two primers used (Sp1 and Sp2) are presented.
The identities of all isolates, previously identified as Mycobacterium marinum, were confirmed as M. marinum by sequence analysis of the ITS region following PCR and all isolates tested gave PCR products of the same size, i.e. amplicons of 220 bp.
The results from analysis of the Mycobacterium fortuitum isolates were more varied and for some isolates the sequence analysis could not be completed. Although the majority of the M. fortuitum isolates gave variable amplicon sizes in the PCR (from 243 to 361 bp), and could easily be distinguished from the slowly growing M. marinum isolates. Of the 20 isolates identified as M. fortuitum subtype V by RFLP [18] , 3 isolates (including 2 reference strains) could not be identified following PCR, as it was not possible to sequence them, despite repeating the extractions and DNA purification. With regard to sequence analysis, many of the M. fortuitum isolates were identified as other species and not M. fortuitum. Isolate 276/3/01 was clearly assigned as M. fortuitum (100 % matched), and although isolates S7 and 277/2/01 had identical sequences, they could not be identified as definite species using ITS sequencing. Overall, they had 93.9 % identity with Mycobacterium senegalense, but over a shorter (148 bp) fragment, and showed 98.6 % identity with M. fortuitum (Fig. S1 , available with the online version of this article). The remaining 15 isolates of M. fortuitum (subtype V) Fig. 1 , while isolates IoA5 and S13 were similar to Mycobacterium peregrinum (95 %) based on 121 bp out of the 309 and 312 bp sequenced, respectively. However, despite several attempts of sequencing the reference strain of M. peregrinum, its sequence could not be determined. In addition, isolates S11 and S12, also previously assumed to be M. fortuitum, resembled Mycobacterium mucogenicum (98.3 %) based on 121 bp of the 303 and 319 bp sequenced, respectively (Table 2) . Mycobacterium sp. DL049 showed a close match (98.1 %) with M. fortuitum, but this was only for 54 bp in a 253 bp fragment.
The alignment of partial sequences of isolates belonging to Mycobacterium chelonae is displayed in Fig. S2 and mismatches are shown in rectangles. The ITS sequences of M. chelonae (NCIMB 13533) and M. chelonae MT1900 are shown to be more polymorphic than the other M. chelonae isolates sequenced. When compared against databank sequences, these two strains were similar to M. salmoniphilum (99.5-100 %), a M. chelonae-like species, isolated mostly from salmonid fish [4] .
A variety of other species were also analysed. The nucleotide sequences of M. stomatepiae isolates T3, T4 and T11 T (DSM 45059 T ) were identical and unique, with the closest similarity to M. lentiflavum (98.4 %). M. angelicum and 'Mycobacterium aemonae' type strains were assigned as M. szulgai (98.3 % matched) and M. kansasii (92.7 % matched), respectively. Of the four isolates of Mycobacterium gordonae examined, isolates 49/21/03 and 126/1/03 had a 100 % match, and isolate 79/02 had a 96.4 % match to this species. Sequence analysis of isolate 277/3/01 was not successful, however, despite extracting DNA and sequencing PCR amplicons several times.
The phylogenetic relationships between the aquatic mycobacteria included in this study were analysed by using the neighbour-joining method with Kimura's two-parameter distance correction model with 1000 bootstrap replications in the MEGA, version 6.0, software package [22] , as illustrated in Fig. 2 .
DISCUSSION
Compared to phenotypic methods, genotyping methods, and in particular PCR-based methods, have provided more rapid, reliable and cost-effective alternatives for detection and identification of mycobacteria to the species level. Several PCR-based methods, such as sequence analysis of various genes, have been investigated for clinically important mycobacteria. Amongst the gene regions examined, the spacer region between the 16S and 23S genes (ITS) has more sequence variability, and as a result can effectively differentiate between closely related mycobacteria [20] . Most reports of using ITS region amplification by PCR followed by sequencing or restriction fragment length analysis have focused on slow growing mycobacteria [13, 16, 23] and to a lesser extent, rapidly growing mycobacteria [24, 25] . To date, the use of sequences of this variable spacer region as a target to differentiate aquatic mycobacteria has not been reported.
In this study, genus-specific primers designed by Roth et al. [20] were used in PCR to amplify the ITS region of a large number of mycobacteria isolates, and the potential of using sequencing of this region to differentiate and identify aquatic mycobacteria was investigated. The variable sizes of the amplicons obtained in the PCR (Table 2 ) allowed the differentiation of rapidly growing mycobacteria from slowly growing ones even before performing the sequencing.
As mentioned earlier, the number of reports targeting the ITS identifying slowly growing mycobacteria exceed those for rapidly growing mycobacteria. The latter group is known to have more than one copy of rRNA (rrn) per genome [12, 26] , which makes sequencing complicated due to interoperon heterogeneity [24] . This was shown to be the case in this study for type strains of M. fortuitum and M. peregrinum, as well as the presumed M. gordonae isolate 277/3/01, as their PCR products could not be directly sequenced. However, all other rapidly growing mycobacteria, including isolates of M. mucogenicum, M. chelonae, M. peregrinum and M. conceptionense, were easily identified by sequencing. M. fortuitum isolates 277/2/01 and S7, which resemble M. senegalense, had a longer sequence compared to this species and a shorter sequence compared to M. fortuitum isolate 276/3/01 (256 bp against 243 and 327 bp, respectively) and were 98.6 % identical to existing M. fortuitum isolates in the databanks for only 148 bp. Whether factors other than interoperon heterogeneity are responsible for the unsuccessful sequencing of those aforementioned strains or not remains to be established. The co-existence of two or more different species in one sample is another factor that can affect the results of sequence analysis [27] . The cultures used here, however, were morphologically pure and DNA was extracted from a single colony. Cloning of a single copy of the ITS region, followed by sequencing, may tackle the ambiguous results obtained [24, 28] . Further investigations, including sequence analysis of other genetic markers, such as hsp65, 16S rRNA and rpoB genes, are also warranted.
Using this spacer region, it is possible to differentiate between slowly growing and rapidly growing mycobacteria even before sequence analysis, although it is not possible to identify to the species level without sequencing. Therefore, the ITS-based amplification method could be used as a primary screening test to detect mixed infections, as well as to differentiate slowly growing from rapidly growing mycobacteria.
Strain differentiation within a particular species has many potential uses [29] . In this study, isolates of M. conceptionense from Slovenia showed a nucleotide transition compared to other isolates of this species from different geographical regions (Fig. 1) . This observation may indicate the value of this target in epidemiological studies relating to mycobacteria.
The reconstructed phylogenetic tree clustered sequences of new Mycobacterium species together. The isolates assigned as M. mucogenicum and M. peregrinum were placed in the same clade as M. fortuitum, whereas the slowly growing Mycobacterium sp. 126/5/01 clustered with M. gordonae, also a slowly growing Mycobacterium. However, unlike the phylogenetic tree reconstructed for hsp65 gene sequences, which clearly separated the clade for slowly growing mycobacteria from rapidly growing mycobacteria [30] , this separation was not as clear for ITS sequences.
In the present study, due to the variability and short sequence of the ITS (which only needs two primers to produce a clear sequence, compared to 16S rRNA gene, which is conserved and has a longer sequence), the direct sequencing of this genetic element has been shown to be useful in the identification of new aquatic mycobacteria species. As an example, the ITS sequence of isolate 79/02, previously identified as M. gordonae (100 % identity) based on 16S rRNA gene sequence [31] , only had a 96.4 % match with this species. Thus, this M. gordonae-like strain is considered to be a new taxon, although unlike 16S rRNA sequences [32] , there is no similarity cut-off for delineation of bacteria species for the ITS genetic marker, so far. In the study carried out by Leclerc et al. [33] , ITS sequences were more informative than 16S rRNA sequences, since the total number of variable sites was similar for the two markers (103 for ITS versus 142 for 16S rRNA), whereas the length of 16S rRNA sequences (934 nucleotides) was four times longer than the length of ITS sequences (242 nucleotides). Strains with the same 16S rRNA sequence had different ITS sequences.
In conclusion, this study has shown that sequencing of the 16S-23S ITS region is useful for the detection and identification of different aquatic mycobacteria. With regard to the variability observed with the results of the sequence analysis of the ITS region for different mycobacteria isolates, this may be a useful tool in epidemiological studies. With the genus-specific primer set used, it is possible to rapidly and reliably detect mixed cultures of Mycobacterium, and differentiate slowly from rapidly growing mycobacteria in microbiological laboratories.
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